Objectives: Recently, we demonstrated that activated protein C (APC) can lessen the severity of spinal cord injury (SCI) in rats during the acute and subacute phases. The purpose of the present study is to determine the long-term eects of pre-treatment with APC following SCI in rats. Methods: The motor function of rats was assessed using the inclined-plane test during 8 weeks after SCI, and the grid runway test 7 weeks after the trauma. Somatosensory evoked potentials (SEPs), brainstem-derived motor evoked potentials (B-MEPs) and corticomotor evoked potentials (CMEPs) were used to quantify axonal function 8 weeks after SCI. Morphometric analysis of the spinal cord lesion was carried out to determine lesion size. Twelve male Sprague-Dawley rats were randomly allocated to either APC (25 IU/kg) or saline group and then subjected to 20 g compression injury of the spinal cord for 20 min at T12. The sham group (n=6) received laminectomy alone. Results: APC signi®cantly reduced the motor disturbances and electrophysiological impairments induced by SCI. APC-treated animals also showed a trend towards a reduction in lesion size. However, this change, was not signi®cant. Conclusion: Pre-treatment with APC attenuates the harmful eects of SCI not only during the acute and subacute phases but also in the chronic stage. Spinal Cord (2000) 38, 754 ± 761
Introduction
Acute traumatic spinal cord injury (SCI) is an unexpected, catastrophic event, the consequences of which often persist for the life of the patient and in¯uence in diverse ways not only the patient, but also family members and society at large. 1 Only limited therapeutic measures are currently available for its treatment. 2 Many experimental studies have demonstrated that pathophysiologic changes after acute SCI are consistent with a two-step mechanism. The primary injury is caused by an external force and mainly represents mechanical tissue damage. This initial injury sets o a cascade of secondary autodestructive processes which cause further tissue loss. 3, 4 The latter processes can be attenuated by therapeutic intervention. Although the mechanisms leading to this progressive damage are not fully understood, endothelial damage and leukocyte in®ltration have been shown to play an important role during secondary tissue destruction. 5, 6 Activated protein C (APC) is an important physiological anticoagulant that is generated from protein C by the action of the thrombin-thrombomodulin complex on the endothelial cells. 7 APC inactivates factors Va and VIIIa, thereby regulating the coagulation system. 7, 8 APC is also implicated in the regulation of in¯ammatory processes by its inhibition of cytokine production by monocytes. 9 Recently, we demonstrated that APC prevented the secondary eects of trauma-induced SCI at acute and subacute phases by inhibiting neutrophil activation. 10 However, the long-term eects of APC on SCI are not well documented. In the present study, we investigated the eects of APC over an extended period of time after traumatic SCI in rats.
Methods

Surgical interventions
Male Sprague-Dawley rats, weighing 300 ± 350 g, were obtained from the Institut fuer Labortierkunde und-genetik der Medizinischen Fakultaet der Universitaet Wien (Himberg, Austria). APC was kindly provided by Baxter (Vienna, Austria). 11 All other reagents used were of analytical grade.
The study protocol was approved by the Animal Care and Use Committee of the City of Vienna. Male Sprague-Dawley rats were anesthetized with intraperitoneal (i.p.) injections of ketamine (75 mg/kg), xylazine (10 mg/kg), and atropine (0.3 mg/kg). For maintenance of anesthesia, half of the initial ketamine/ xylazine/atropine dose was administered i.p. every 60 min. Rectal temperature was maintained at 37 ± 388C with a heating lamp until recovery.
Rats were randomly assigned to one of three groups (sham, APC, control) prior to surgery. Each rat was subjected to laminectomy at the level of the 12th thoracic vertebra (T12). In 12 rats, spinal cord injury (SCI) was induced by applying a 20-g weight extradurally to the spinal cord at T12 for 20 min as previously described. 6, 10 This technique causes paresis of the lower extremities in a reproducible manner. 6, 12 Six rats received intravenous APC (25 IU/kg, 100 IU/ ml; Baxter, Vienna) 30 min before the compression trauma. The control animals (control; n=6) received saline instead of APC. Laminectomy alone was performed as sham operation (sham; n=6). Before recovery, all rats received subcutaneous injections of 10 ml Ringer's solution and antibiotics (50 000 IU Procaine-penicillin-G, 50 000 IU Dihydro-streptomycinsulfate; Omnamycin, Hoechst). The animals were housed under controlled light and temperature conditions and were fed standard rat chow and water. They were checked daily for signs of infection or dehydration. Manual bladder expression was carried out until spontaneous voiding returned.
Grading of motor disturbance
The motor function of rats was assessed using the inclined-plane test, 10, 13 and the grid runway test. 14 In the inclined-plane test, recovery from motor disturbance was assessed before, and again at 1, 7, 14, 21, 28, 35, 42, 49 , and 56 days after the compression. We recorded the maximum inclination of the plane on which the rats could maintain themselves for 5 s without falling. 10 In the grid runway test, rats were trained in the 6th post-operative (p.o.) week and tested in the following week (7th p.o. week). Water was removed on the ®rst day of training and was kept withdrawn for the entire training and testing period. After the daily training and testing sessions the rats were allowed free access to water for 30 min. Animals' weights were measured daily and supplemental¯uid (Ringer's solution) was given if progressive weight loss was noted (60 ml/kg day). All animals reached a stable weight 3 ± 4 days after water withdrawal. The rats were trained to cross a grid runway (206200 cm; 2 mm wire diameter, 30630 mm grid holes) for a water reward presented in a water dispenser. Training was daily for 5 days (four crossings/day). Following the training period the rats were tested for 5 consecutive days. The animals were observed while crossing the runway (four crossings/ day) for a water reward presented in a water dispenser. The number of footfalls of each hind limb per crossing was counted and recorded. An average of all values was calculated to obtain a single value for each rat.
Electrophysiological measurements
At the end of the survival period (8 weeks), electrophysiological measurements were done according to a protocol previously described. 15, 16 The measurements were done by an investigator unaware of group assignment (MG Schlag). Each rat had three stainless steel screws (4 mm length, 1.3 mm 1) implanted extradurally into the skull. Two screws were positioned over the hind limb areas of the left and the right sensorimotor cortex (coronal screws) at following coordinates: 2.5 mm lateral to midline and 3 mm posterior to bregma. The third screw (occipital screw) was positioned 1 ± 2 mm posterior to the lambda, thus overlying the transverse ®ssure. The coronal and occipital screws were inserted 1 and 1.5 mm deep, respectively. Stimulation was carried out with a Neuromax (Excel Tech, Toronto, Canada). During stimulation, a ground needle electrode was placed subdermally over the dorsum of the neck. Signals were ®ltered at a bandpass frequency between 10 and 3000 Hz and stored on a computer for later analysis.
For somatosensory evoked potentials (SEPs) recording, the hind paw was stimulated via surface electrodes positioned around the ankle (cathode) and the middle of the paw (anode). Stimuli consisted of 100 ms rectangular biphasic impulses delivered at 2.7 Hz. At least two signals were recorded at supramaximal stimulation intensities (2 ± 3 mA) from the contralateral coronal screw (anode) referenced to the posterior screw (cathode), with sweep length set to 60 ms. Each signal represents the average of 60 repetitions. In animals showing no or reduced SEPs, stimulation intensities were doubled (4 ± 6 mA).
For brainstem-derived motor evoked potentials (BMEPs), single 100 ms rectangular biphasic impulses were applied via the posterior screw (cathode) with a needle electrode in the submucosa of the palate (anode). Signals were recorded at supramaximal stimulation intensities (10 ± 20 mA) from both hind limbs.
Corticomotor evoked potentials (CMEPs) were elicited by repeated, high-frequency bipolar stimulation. Trains of low intensity impulses (100 ms; 5 ± 12 mA; 15.1 Hz) were applied via one cortical screw (anode) with the cathode attached to the posterior screw. In order to avoid co-stimulation of other motor areas, the trains were kept short (10 ± 20 impulses) and stimulation was stopped when contraction of the contralateral hind limb was noted. We have previously shown that this method yields signals that are conducted by the corticospinal tract: transection of the corticospinal tract completely and irreversibly abolished the signals. 16 Thus, these signals can be considered to be of true cortical origin. Signals were recorded from the tibialis anterior muscle of the contralateral hind limb. In case no signal could be elicited, numbers of repetitions and/or stimulation intensities were increased until front limb muscle contraction and movements of the vibrissae were noted. This was done to ensure that stimulation intensities would have been sucient to stimulate CMEPs in an animal with an intact spinal cord.
B-MEPs and CMEPs were both recorded via monopolar needles inserted into the belly of the tibialis anterior muscles, with the reference electrode inserted into the footpad. Sweep length was 24 and 60 ms for B-MEPs and CMEPs, respectively. At least two signals were recorded to ensure reproducibility.
The recorded potentials were analyzed by measuring latency and amplitudes. Latency was de®ned as the time between the onset of the stimulus artifact to the ®rst positive or negative peak. Amplitudes were measured from baseline to ®rst peak (SEP, B-MEP: N1) and between peaks for the consecutive peaks (SEP: P1, N2), or represented the largest distance between two consecutive peaks of a polyphasic signal (CMEP). Because SEPs consist of three consecutive peaks in healthy animals, but are often reduced to a single peak after injury, the amplitudes of the individual peaks were summed to obtain a single value. The values obtained for left and right hind limbs were averaged.
Histological examination of the spinal cord
After completion of the electrophysiological recordings, the rats were transcardially perfused under deep anesthesia with 50 ml of Ringer's solution followed by 50 ml of 10% phosphate buered formalin (pH 7.4). The upper lumbar spinal cord was dissected out and post®xed in the same solution for at least 24 h. A segment of the spinal cord containing the lesion plus 2 mm rostral and caudal to the lesion was embedded in paran. Serial sections (5 mm) were taken at 100-mm intervals. One set of serial sections was stained with hematoxylin and eosin in order to study gray matter destruction, while the second set was stained with Luxol blue in order to determine the extent of the remaining functional white matter. In the sham group, single histological sections of the spinal segment L2 were obtained. Sections were viewed with a microscope ®tted with a digital camera (Coolpix950; Nikon). Digital images of sections showing pathological changes or lesions of the gray matter were analyzed with morphometric analysis software (Lucia G, Laboratory Imaging, CZ). The following parameters were determined by an investigator unaware of group assignment (MG Schlag).
Spared white matter The section representing the largest extent of the lesion was determined and the area of the spared white matter measured (Figure 1 ). This value was expressed as percentage of the average cross-sectional area of an undamaged spinal cord (sham group).
Length of gray matter lesion Lesion borders were identi®ed by one or several of the following markers: (i) gray matter cavities; (ii) absence of neurons with normal appearance and (iii) presence of reactive glia (Figure 2) . The length of the gray matter lesion was calculated by multiplying the number of sections presenting gray matter injury with 120 (actual length between sections, including 100 mm interval and four sections at 5 mm) and a shrinking factor which was calculated from in situ length, post-®xation length and post-embedding length.
Summed area of gray matter lesion Gray matter loss was expressed as the total area of the gray matter lesion. Starting at one end of the lesion and stopping at the other end, the remaining gray matter was measured ( Figure 2 ). In case no gray matter was discernible in a given section, the value was set to zero. These values were then subtracted from the gray matter measured in the ®rst rostal or caudal sections without gray matter injury (depending on which section was closest). Thus, an estimate of the area of gray matter lesion in a given section was obtained. These values were then summed to obtain a single value for each animal. To compensate for inter-animal dierences regarding the area of unlesioned gray matter, an average was calculated from all values of unlesioned gray matter.
The individual values of unlesioned gray matter were then expressed as a fraction of this average and the summed values of gray matter lesion area multiplied with this fraction. 
Statistical analysis
All data, except the angle of the inclined plane, were analyzed by one-way Analysis of Variance (ANOVA) with group as factor. In case a major deviation from the normality of the inter-animal data was observed, an Analysis of Variance on the ranks (Kruskal-Wallis test) was used. Because the data of the inclined plane test showed a non-parametric distribution, an Analysis of Variance on the ranks (Kruskal-Wallis test) was performed. If ANOVA detected a signi®cant dierence, post hoc analysis was carried out (Student-NewmanKeuls-test). In case multiple comparisons were done, a Bonferoni correction factor was calculated.
Results
Motor function
When evaluated by the inclined plane test, we found that APC-treatment remarkably reduced the motor disturbances induced by compression trauma during the total 8-week observation period.
Immediately following compression, the average maximum angles in both the untreated control and the APC-treatment groups were signi®cantly smaller than in the sham group. In the untreated control group, the average maximum angle remained below sham values throughout the 8-week observation period despite a marked recovery during the ®rst 21 postoperative (p.o.) days and a second slight improvement of scores after p.o. day 42 (Figure 3) . Signi®cant dierences between the sham and the untreated control groups were found on p.o. days 1, 7, 35, and 42. In contrast, in the APC-treated group, the average maximum angle reached sham levels on p.o. day 7, and no signi®cant dierence between the APCtreatment and sham groups was found during the remaining survival period (Figure 3) . APC-treatment also improved motor function when evaluated by the grid test. Number of foot falls/ crossing in the untreated control group was significantly higher than in the sham group. APC-treatment reduced the number of foot falls/crossing down to sham levels ( Figure 4 ). Figure 5A ). In the untreated control, a single broad negative peak with signi®cantly longer latency replaced the tri-phasic signal (N1: 20.3+1.7 ms; Figures 5B and 6 ). APC-treated animals showed typical SEPs with three consecutive peaks whose latencies did not dier signi®cantly from sham values (N1: 17.7+2.9 ms; P1: 20.8+1.9 ms; N2: 28.4+2 ms; Figures 5C and 6 ). Trauma not only changed SEP con®guration and latencies but also signi®cantly reduced summed peak amplitudes ( Figure   Figure 2 Micrograph of a H-E stained cross-section of a lesioned spinal cord. The section was taken from the tapered end of the spinal cord lesion in an APC-treated animal 8 weeks after SCI. The surviving gray matter is outlined (---). The arrow points to an area of extensive gliosis. C, cyst; R, spinal nerve root; VA, ventral artery; bar=100 mm B-MEP B-MEP consisted of a prominent negative peak (N1, latency: 5.5 ± 7.2 ms) frequently followed by 1 to 4 peaks of variable latencies. While compression did not aect N1 latency (sham: 6.7+0.4 ms, untreated control: 6.7+0.2 ms, APC: 6.6+0.5 ms), N1 amplitude was signi®cantly depressed in the untreated control group, whereas no dierence was found between sham and APC-treated groups ( Figure 7B ).
CMEP Stimulation of the cortex resulted in longlatency polyphasic signals (10 ± 20 ms duration; Figure  8A ) that were accompanied by distinct contractions of the contralateral hind limb. The initial peak had variable polarity and its latency ranged between 15 ± 21 ms. CMEPs were abolished after compression ( Figure 8B ) but were preserved by APC treatment ( Figure 8C ). CMEP latencies (sham: 19.3+1.7 ms; APC: 19.3+1.9 ms) and amplitudes ( Figure 7C ) were similar in sham and APC-treated groups.
Histology
All three parameters indicated a smaller lesion size in the APC-treatment group compared to the untreated control group (Table 1) . However, these dierences did not reach signi®cance. Of all three parameters, the summed area of gray matter lesion showed the largest dierence between APC-treatment and untreated control group (P=0.069).
Discussion
In a previous study, we demonstrated that APC could lessen the severity of SCI. However, observations of the APC-treated animals in that study were restricted to the acute and subacute recovery phases. 10 In the present study, we wanted to elucidate the long-term eects of APC-treatment on SCI and determine the Figure 4 Eect of APC on motor disturbances 7 weeks after compressive SCI as determined by a grid test. APC-treatment reduced the motor disturbances induced by compression trauma. Mean+SD of six experiments. *P50.05 versus sham animals Figure 5 Eect of APC on SEPs. SEPs in the untreated control group (B) had a markedly dierent con®guration than SEPs in both the sham (A) and the APC-treated groups (C). Representative recordings are shown. (A) Upper signal; s, stimulus artifact; N1, ®rst negative de¯ection; P1, ®rst positive de¯ection; N2, second negative de¯ection; the vertical cursor marks N1 peak latency, the horizontal cursors (arrowheads) indicate N1 amplitude. Note that in this and all subsequent recordings upward de¯ections are negative neurological and histological correlates of functional recovery. We found that SCI-induced motor disturbances were reduced by APC-treatment for up to 8 weeks following SCI. APC also preserved axonal Figure 6 Eect of APC on the latency of SEPs. SEPs latencies were signi®cantly longer in the untreated control group as compared to the sham group, whereas the APCtreatment group did not dier from the sham group. Mean+SD of six experiments. *P50.05 versus sham integrity as determined by electrophysiological recordings at the end of the survival period. Thus, attenuation of SCI-induced de®cits by APC was observed at a time point that was well after the cessation of spontaneous functional recovery, which occurs within the ®rst 4 weeks after SCI. 17 ± 19 These ®ndings suggest that under conditions of experimental SCI, APC provides neuroprotection that results in a persistent eect on outcome.
Although histological ®ndings indicated a smaller lesion size in the APC-treatment group compared to the untreated control group, we could not ®nd signi®cant dierences between these groups. Although functional recovery has been shown to depend on the amount of spared spinal cord tissue, 20 ± 23 some reports indicate that the link between recovery and spared tissue may not always be clearly visible. Fehlings and Tator 20 found that at severe to medium degrees of injury, functional outcome improves exponentially with increasing numbers of surviving axons. Similarly, Young and coworkers 21, 22 demonstrated in animal models that motor function can recover to normal levels after SCI if as few as 4% to 6% of the cortical motor neurons regain physiologic connection through the injured spinal cord segment to the caudal spinal cord. Thus, even a very small increase in surviving axons could have a great impact on functional outcome while not being detectable by conventional histological means. Moreover, not all descending motor tracts contribute equally to motor function recovery. 20 Slight inter-animal dierences in the relative amounts of surviving axons of dierent motor tracts may thus have a considerable impact on functional recovery without any measurable histological changes.
In the present study, no CMEPs were recorded in the control group, while they were present in the APCtreatment group. We have previously shown that the CMEPs recorded in this study re¯ect integrity of the corticospinal tract (CST): transection of the CST completely and irreversibly abolished the signals. 16 Thus, these signals can be considered to be of true cortical origin. Several studies demonstrated that the persistence after SCI of axons in the CST was strongly associated with residual hind limb locomotor function and have focused on this tract to evaluate the ecacy of various therapeutic strategies. 24 ± 26 Thus, APC may reduce the compression-induced motor disturbances by preserving the function of the CST.
Results of previous studies indicated that APC's bene®cial eect in SCI may be due to its antiin¯ammatory rather than its anticoagulant property. Taoka et al 10 showed that the attenuation of motor disturbances following traumatic SCI was associated with the prevention of neutrophil in®ltration of the lesioned spinal cord. Similarly, Murakami et al 27 showed that APC prevented lipopolysaccharideinduced pulmonary vascular injury in rats by inhibiting leukocyte activation. In a rat model of liver ischemia and reperfusion, APC signi®cantly decreased neutrophil accumulation and cytokineinduced neutrophil chemoattractant. 28 Two mechanisms of APC's anti-in¯ammatory eect have been proposed. On the one hand, APC is thought to inhibit neutrophil recruitment and activation by down-regulating cytokine production by monocytes. 9 On the other hand, it has also been shown that APC attenuates the response of endothelial cells to in¯ammatory mediators by a speci®c receptor. 29 Several reports indicate that endothelial cell activation plays an important role in SCI.
12, 30 Hamada et al 12 showed rapid up-regulation of endothelial cell adhesion molecules with subsequent neutrophil infiltration in injured spinal cord. Thus, APC may protect injured tissue from secondary auto-destruction by attenuating endothelial activation and cytokine release from monocytes. While APC's anticoagulant activities most likely do not contribute to the bene®cial eect of APC in acute SCI, 10 it may provide additional bene®ts in a clinical setting. Thromboembolism has been reported to occur in 70% to 100% of patients who have complete motor paralysis after SCI and is a major cause of morbidity and mortality in patients with SCI. 31 ± 35 Thus, APC therapy may be bene®cial to patients with SCI not only by improving the motor recovery, but also by preventing thromboembolism through its anticoagulant potency.
In conclusion, the present study showed that pretreatment with APC signi®cantly reduced the motor disturbances induced by SCI not only in acute phase but also in the chronic stage. Since APC is a physiological agent and no side eects have so far been found, 36 APC seems worthy of further investigations into its potential use as a neuroprotective agent in acute SCI. In particular, the neuroprotective ecacy of APC has to be evaluated in clinically relevant posttreatment time frames. All three parameters indicated a smaller lesion size in the APC-treatment group compared to the untreated control group. However, these dierences did not reach signi®cance.
Mean+SD of six experiments
